An enhanced fully-Lagrangian coupled solver is developed for modeling of Fluid-Structure Interaction (FSI) phenoma. The fluid solver provides solutions to the continuity and Navier-Stokes equations on the basis of the projection-based Moving Particle Semi-implicit (MPS) method. The structure solver is founded on the description of a non-linear hyper-elastic structure in the frame of a Hamiltonian system based on Hamilton's principle of least action. The fluid and structure solvers are properly coupled through a consistent coupling algorithm. Performance of the proposed solver is examined, by reproducing a dam break with an elastic gate and a dam break with an elastic plate. The results obtained from Hamiltonian MPS FSI model are also compared with those by a MPS FSI model that incorporates a linear-elastic structural solver.
INTRODUCTION
A vast number of problems in the field of coastal engineering are entangled with complicated Fluid-Structure Interaction (FSI) phenomena where the responses of either fluid or structure are strongly influenced by variations of the counterpart. Considering the importance of mentioned problems to coastal infrastructures, numerous efforts have been devoted for development of precise numerical models, capable of reproducing interactions consistent with physical mechanism of the problem.
In most of conventional FSI models, either in the frame of Eulerian or Lagrangian formulations, the structure or fluid elements were confined in rigid networks, i.e. grid system, thus suffering from intrinsic problems e.g. distortion of the grid in large deformation and huge amounts of processing necessary for updating the mesh network.
In recent decades, a specific class of fully Lagrangian numerical methods has emerged, the so called particle methods, including SPH (Smoothed Particle Hydrodynamics 1, 2) ) and MPS (Moving Particle Semi implicit 3) ). These methods have shown superior performances in many significant problems in either fluid dynamics or structural mechanics [4] [5] [6] [7] [8] [9] [10] [11] [12] . Following the successful applications of particle methods into either fluid or structural dynamics, substantial studies have been carried out on implementation of these numerical methods into Fluid Structure Interactions [13] [14] [15] [16] [17] . However, in most of the corresponding numerical studies, a simple linear structural model was presumed, without concerning the constitutive models exclusive to the material. With respect to the fact that in many encountered FSI problems, structures are made of materials, such as rubber, with non-linear elastic behaviors, it is worth to study the effects of application of a non-linear hyper-elastic constitutive model.
In the present study, an enhanced fully Lagrangian FSI code is developed through coupling of a Hamiltonian-based hyper-elastic structural model 11, 12) and an enhanced version of MPS fluid solver 3) . Hereafter, the developed FSI model will be referred to as Enhanced MPS-HMPS model. The structural motion equation is derived from the Lagrangian using Hamilton's principle of least action. Saint Venant Kirchhoff hyper-elastic model is considered as a constitutive model for the rubber-type structural material. Fluid solver is founded based on the solution of continuity and Navier-Stokes equations with incorporation of enhanced schemes developed for improvements of stability and accuracy. The fluid-structure coupling is performed in a mathematically-physically consistent manner 15, 17) . The developed FSI model is applied to simulations of dam break flows with an elastic gate 13) and with an elastic plate 14) . The simulation results are also compared with the MPS-based FSI solver that integrates a linear-elastic structural model, referred to as Enhanced MPS-MPS.
NUMERICAL METHOD (1) Fluid slover
The conservation of linear momentum, as the substantial equation for modeling the flow field, is described as follows:
where u, ρ F and t represent velocity vector, density and time, respectively. The subscripts i and j represent a target particle and its instantaneous neighboring particles, respectively. F S to F denotes the coupling force imposed by the neighboring structural particles to fluid target particle i. The stress tensor σ ij,F is derived from Eq. (2):
here, p, μ F and δ kl stand for pressure, dynamic viscosity of fluid and Kronecker's delta, respectively. Subscripts k, l and m denote the spatial coordinates. The continuity is enforced via Eq. (3), 0    u (3) and by projecting an intermediate velocity field into a divergence free space through solving a Poisson Pressure Equation (PPE) comprising of the so-called HS 6) (Higher order Source) and ECS 8) (Error Compensating Source) schemes. The PPE is formulated as follows.
where n and n 0 denote current and initial particle number density, respectively. ∆t stands for time step and superscripts * and k are intermediate properties of the fluid and number of time step, respectively. Also, α and β represent dynamic coefficients of ECS scheme as functions of instantaneous flow field 8) .
In addition, the DS scheme provides exactly adequate repulsive inter-particle forces to guarantee the stability of the simulations. The corresponding term of  DS which is incorporated in calculation of pressure gradient is presented as follows 9) : 
where F ij DS is the stabilizing force on target particle i from its neighboring particle j; Π ij is a parameter to adjust the magnitude of F ij DS ; α DS (= 0.95) is a constant for adjusting active range of F ij DS ; α dt is the ratio of the time step to Courant number used in determination of computational time step; d represents the particle diameter, r ij, * || is the parallel vector of r ij * and r ij,,⊥ * is the normal vector of r ij * with r ij * = r ij,
In this study, a Wendland kernel 18) is applied for fluid solver as well as integration of fluid pressure loading on the interface.
(2) Structure solver
The governing equation of motion for structural dynamics is derived based on Hamilton's principle of least action as 11, 12) :
where, u represents the velocity vector, ψ stands for energy density function, ρ s is the density of structural material and r is the position vector. Using the definition of first Piola Kirchhoff stress tensor, π,
the derivative of strain energy density function with respect to position vector can be written as Eq. (8):
where the symbol : denotes a double dot product of two tensors (that are of different orders here). The deformation gradient tensor, D, is calculated based on Weighted Least Squares method 11) . Also, first Piola Kirchhoff stress tensor, π, is obtained as:
where, S is the second Piola Kirchhoff stress tensor which is obtained from differentiation of energy density function, , with respect to Green Lagrange strain tensor, , that is:
Considering a Saint Venant Kirchhoff hyper-elasticity model as the constitutive structural model, (11) the energy density function is formulated as:
where  and  are the Lame's constants.
For time integration, a symplectic scheme is employed as 12) :
where, x i is the i th component (i = 1, 2) of position vector r, n is the time step number and ∆t is the time step interval. The structural solver utilizes the Lagrangian kernel considered by Kondo et al. 12) .
VERIFICATION AND COMPARISON (1) Dam break with an elastic gate
Performance of the developed fully Lagrangian Enhanced MPS-HMPS model is examined by simulations of a dam break with a rubber gate 13) . 2 /s and ρ F of 1000 kg/m 3 . Initial particle distance is set to d 0 = 0.001m. Fig. 2 illustrates two snapshots corresponding to the simulation of dam break with gate using Enhanced MPS-HMPS solver with respect to those of Enhanced MPS-MPS at t = 0.08 s and t = 0.16 s. According to this figure, the Enhanced MPS-HMPS solver has performed well in reproducing the pressure/stress fields as well as deformation of the rubber gate. From this figure, the Hamiltonian-based structural model has resulted in a larger deflection of the free end of rubber gate at t = 0.16 s which appears to be more consistent with the experimental photo at this instant. This fact can be observed more clearly in Fig. 3 that portrays a quantitative comparison of the time histories of displacements of the free end of the rubber gate. The time histories of both horizontal and vertical displacements by Hamiltonian-based structure solver tends to be closer to those obtained from the experiment. (2) Dam break with an elastic plate Performance of Enhanced MPS-HMPS FSI model is subjected to inquiry in a much more violent interaction of dam break with elastic plate 14) .
The initial setting of dam break with plate is depicted in Fig. 4 . In the corresponding experiment 14) , the thickness, density and Young's modulus of rubber plate were set to 0.004 m, 1161.54 kg/m 3 and 3.5 MPa, respectively. Also, the density and dynamic viscosity of water were considered as ρ F = 997 kg/m 3 and μ F = 0.89×10 -3 Pa.s, respectively. The material of the elastic plate was assigned as silicon solid rubber. Fig. 5 presents a qualitative comparison in between Enhanced MPS-HMPS, Enhanced MPS-MPS and experiment at two instants of t = 0.26 s and t = 0.35 s. From the presented figure, the HMPS-based solver has been able to provide a better reproduction of the deformed shape of the plate at both instants. Fig. 6 demonstrates horizontal displacements of the rubber plate at y = 0.0875 m 14) . Although performance of MPS-HMPS model is superior than MPS-MPS, in reproducing the plate response at initial moments of flow front impact as well as the response after t = 0.65 s, however, advancement to different modes of deformations, specifically during intermediate interval of (t = 0.42 s to 0.65 s) is not accomplished in neither of the models.
Our research group continues to advance the Enhanced MPS-HMPS solver by derivation and incorporation of further advanced, mathematically-physically consistent schemes and utilization of other rational concepts, such as stress points 19) , for enhancement of stability and accuracy of HMPS structural solver.
CONCLUDING REMARKS
An enhanced fully Lagrangian FSI code is developed, coupling a Hamiltonian based structural model 11) with an Enhanced version of Moving Particle Semi-implicit based fluid solver 3) . The structural motion equation is derived from the Lagrangian using Hamilton's principle of least action. Saint Venant Kirchhoff hyper-elasticity model is considered as a constitutive equation.
The fluid-structure coupling is performed in a mathematically-physically consistent manner 17) via a careful attention to the mathematical concept of projection-based particle methods, i.e. Helmholtz-Hodge decomposition. The FSI model is applied into two versions of well-known dam break benchmark tests, with a gate 13) and with a plate 14) .
In the case of dam break with a gate, the main features of the FSI phenomenon i.e. pressure field, stress distribution and structural deformation are reproduced relatively well. Comparing with previously developed MPS-MPS FSI solver 15) , the results of MPS-HMPS in terms of the displacement of the free end of rubber gate as well as pressure field are estimated more precisely.
In the case of dam break with an elastic plate 14) , the performance of enhanced MPS-HMPS model is superior compared to that of enhanced MPS-MPS model, specifically in simulation of recession of the rubber plate at initial moments of impact. However, due to intrinsically violent condition of the flow impact in the experiment, the model does not succeed to reproduce all deformation modes, specifically within intermediate time intervals. Further improvements are expected to be made by derivation and incorporation of mathematically-physically consistent and accurate schemes.
